Introduction {#s1}
============

The synaptonemal complex (SC) is a dynamic proteinaceous ultra-structure that mediates the synapsis of homologous chromosomes pairs during meiotic prophase I ([@bib8]; [@bib13]; [@bib37]; [@bib41]). Morphologically, the SC is composed of three parts: lateral elements, transverse filaments and a central element. Lateral elements are protein scaffolds that extend along the entire length of each chromosome axis. They become linked together by transverse filaments, which connect the chromosomes in a homologous pair to the midline central element, to induce chromosome synapsis ([@bib31]). The tripartite SC ultra-structure provides an essential three-dimensional scaffold for meiotic progression and its absence or defective formation can lead to failure of meiotic progression and infertility ([@bib4], [@bib5]; [@bib12]; [@bib15]; [@bib30]; [@bib36]; [@bib39]).

The lateral element is the first part of the synaptonemal complex to assemble. In most organisms, its formation coincides with the controlled induction of double-strand DNA breaks and subsequent homology searches that bring homologous chromosomes into alignment ([@bib2]). It is at this step that SYCP2 and SYCP3, the major protein components of the lateral element ([@bib21]; [@bib25]; [@bib29]), assemble on the chromosome axis, in a manner dependent on each other and on the presence of meiosis-specific cohesin ([@bib14]; [@bib23]; [@bib26]; [@bib34]; [@bib36]).

Correct SYCP3 function is crucial for fertility. Male mice lacking SYCP3 are infertile as their germ cells undergo apoptosis due to failure in meiotic progression ([@bib38]). In contrast, females are sub-fertile, with increased aneuploidy leading to fetal deaths during gestation. SYCP3 is regarded as an important architectural component of the lateral element, and its disruption in mice has consequences for the morphology and structural integrity of the meiotic chromosome: in SYCP3-deficient mice, the chromosome axis is twice the length of that in wild-type mice and cohesin disassembles prematurely ([@bib20]; [@bib38]).

The large-scale architecture of the meiotic chromosome consists of a regular array of DNA loops that emanate from a chromosome axis consisting of conjoined sister chromatids ([@bib40]). Sister chromatid cohesion is enforced at the loop base by meiotic ring-like cohesin complexes ([@bib28]). In addition to SC components, other factors such as meiotic cohesins, condensins and HORMAD proteins localise to the chromosome axis and contribute to its organization ([@bib24]; [@bib35]; [@bib41]). Thus, it is likely that SYCP3's role is to provide local DNA compaction to modulate the existing axis-loop structure of the meiotic chromosome, in the specific manner required for efficient recombination between homologues.

Crystallographic analysis shows that SYCP3 adopts a highly elongated tetrameric assembly of antiparallel α-helices, with flexible termini protruding from the helical core. The N-terminal sequences located at each end of the SYCP3 structure bind double-stranded (ds) DNA, suggesting that SYCP3 can act as a 20 nm-long physical strut to hold distinct regions of DNA together. In addition, SYCP3 can polymerise into regular supra-structures resembling the SC lateral element ([@bib1]; [@bib33]), in a self-assembly reaction that requires both N- and C-terminal motifs. These findings provide the basis for a possible explanation of SYCP3's role in shaping the architecture of meiotic chromosomes, whereby concurrent DNA bridging and self-association by SYCP3 would explain the observed SYCP3-dependent DNA compaction that is required for full SC assembly and meiotic progression.

To further assess this potential mechanism of SYCP3 function, we developed a single-molecule assay based on optical tweezers and fluorescence microscopy in a microfluidics flow cell. The results of the assay, in combination with bulk biochemical data, provide direct visual evidence for our proposed model of SYCP3-mediated chromosome compaction.

Results {#s2}
=======

The crystal structure of SYCP3 showed a tetrameric assembly with N-terminal DNA-binding domains located at both ends of the central helical core ([Figure 1A](#fig1){ref-type="fig"}). To investigate whether SYCP3 is able to bind simultaneously to distinct DNA molecules as predicted by the structure, we analysed the electrophoretic mobility of SYCP3-DNA complexes using different lengths of dsDNA ([Figure 1B](#fig1){ref-type="fig"}). To study the mechanism of DNA binding separately from higher-order assembly and alleviate the limited solubility of the full-length protein, we used a version of SYCP3 missing the last six amino acids, SYCP3~1-230~([@bib1]; [@bib33]). Hereafter we will refer to this construct simply as SYCP3, unless otherwise indicated.10.7554/eLife.22582.002Figure 1.SYCP3 can bind simultaneously to two molecules of dsDNA.(**A**) Model of DNA binding by the SYCP3 tetramer. The crystal structure for the helical core of the SYCP3 tetramer is shown in ribbon representation, with each chain rainbow-coloured from the N- (blue) to the C-terminus (red). In the model, pairs of N-terminal SYCP3 regions form two distinct DNA-binding domains at both ends of the SYCP3 strut-like structure. (**B**) Result of the electrophoretic mobility shift assay (EMSA) for SYCP3 bound to dsDNA molecules of different lengths. Lanes 1 and 2 show the electrophoretic migration of free dsDNA 32mer and 60mer, respectively. Lane 3 and 4 show the mobility shifts of SYCP3-bound DNA 32mer and 60mer, respectively. Lane 5 shows the mobility shift of a SYCP3-DNA complex in the presence of both DNA 32mer and 60mer species. (**C**) Result of the pull-down assay, demonstrating DNA bridging by SYCP3. Above each gel lane, drawings illustrate sample content for each pulldown experiment. The 5' FAM-labelled DNA bound to SYCP3 was eluted from the beads in high salt and visualised under UV light after agarose gel electrophoresis (lane 2). Lane 3 shows the background retention level of fluorescently-labelled DNA due non-specific binding of the SYCP3-DNA complex to the streptavidin beads; lane 4 shows that the N-terminal region of SYCP3, known to mediate DNA binding, is necessary for pull-down of the fluorescently-labelled DNA.**DOI:** [http://dx.doi.org/10.7554/eLife.22582.002](10.7554/eLife.22582.002)

Reconstitution of an SYCP3 complex with a DNA sample containing equal nucleotide concentrations of dsDNA 32- and 60mer yielded a species of intermediate mobility relative to the slower SYCP3-DNA 32mer and faster SYCP3-DNA 60mer complexes, consistent with the formation of an SYCP3-DNA complex containing both lengths of dsDNA ([Figure 1B](#fig1){ref-type="fig"}). To provide further evidence of multivalent DNA binding, we showed that SYCP3 can bridge between a fluorescently-labelled dsDNA and a distinct biotin-labelled dsDNA immobilised on streptavidin-coated beads ([Figure 1C](#fig1){ref-type="fig"}).

To gain mechanistic insight into the mode and dynamics of DNA binding by SYCP3, we took a single-molecule approach using an experimental setup that has been successfully used for the study of protein-DNA interactions ([@bib7]; [@bib9]; [@bib16]). In this system, the biotinylated ends of a bacteriophage λ DNA molecule are tethered between two streptavidin-coated polystyrene beads that are controlled by focused laser beams acting as optical tweezers. A unique advantage of the use of optical tweezers is the high degree of control over the conformation and tension of the DNA. The experiment is performed in a multi-channel laminar flow cell that allows tethering of DNA to optically-trapped beads and moving the tethered DNA to parallel laminar-flow lanes containing, for example, the fluorescently-labelled components to be analysed ([Figure 2A](#fig2){ref-type="fig"}). Beam-scanning confocal fluorescence microscopy is then used to image the labelled DNA-bound proteins.10.7554/eLife.22582.003Figure 2.Optical tweezers can be used to study the binding of SYCP3 to double-stranded DNA.(**A**) The focused trapping laser beams hold two streptavidin-coated polystyrene beads in place, while the λ DNA is tethered between the beads (right). A four-channel laminar flow cell on a mobile platform was used to perform the single-molecule experiments. The streptavidin-coated polystyrene beads were trapped with the lasers in Channel 1 and biotinylated λ DNA was then captured in Channel 2, by tethering its ends to two beads. The flow cell was subsequently moved to Channel 4, to allow fluorescently-labelled SYCP3 to bind λ DNA and, after an incubation time of 30 s, the beads were moved into Channel 3 for visualisation and analysis of DNA binding (left). (**B**) Residue L138 was replaced with cysteine for Alexa555-labelling of SYCP3 via maleimide chemistry. L138 was chosen because it is exposed to solvent and distant from the DNA-binding domains in the SYCP3 structure. (**C**) SDS-PAGE analysis of purified L138C SYCP3~1-230~ both before (L138C sample) and after (L138C-A555 sample) conjugation to Alexa555. The proteins in the gel were visualized in the unstained gel (left) and after staining with Coomassie blue (right). (**D**) Mass-spectrometry analysis shows that the majority of L138C SYCP3~1-230~ contains one Alexa555 label.**DOI:** [http://dx.doi.org/10.7554/eLife.22582.003](10.7554/eLife.22582.003)

We exploited our knowledge of the SYCP3 structure and the absence of cysteines in its sequence to replace solvent-exposed residue L138, located in the helical core and distant from the N-terminal DNA-binding regions, with cysteine ([Figure 2B](#fig2){ref-type="fig"}). The engineered cysteine was linked to the fluorescent dye Alexa555 using maleimide chemistry ([Figure 2C](#fig2){ref-type="fig"}), yielding one fluorescent label per helical chain, or four fluorophores per SYCP3 tetramer. Mass spectrometry confirmed that all SYCP3 molecules were labelled with Alexa555, and that the majority of SYCP3 molecules had one label per helical chain ([Figure 2D](#fig2){ref-type="fig"}).

Binding of fluorescently-labelled SYCP3 to λ DNA in the single-molecule setup was readily observed by confocal fluorescence microscopy. Kymographs, acquired from repeated confocal line-scans along the DNA, revealed binding and one-dimensional diffusive behaviour of SYCP3 on dsDNA ([Figure 3A](#fig3){ref-type="fig"}). As a control, a construct lacking the N-terminal DNA-binding domain, SYCP3~91-230~, did not interact with λ DNA. In \'DNA compaction\' experiments, we used the optical tweezers to control the end-to-end distance of the DNA and test the DNA-binding and bridging behaviour of SYCP3 on stretched versus conformationally relaxed DNA. We first incubated the DNA in the protein channel for 30 s, returning subsequently the DNA into the buffer channel, to prevent binding of additional SYCP3 molecules, where it was held in an extended conformation at a force of 5 pN and an end-to-end distance near to 16 µm. Next, we relaxed the conformation of the DNA by moving the beads closer together at constant speed of 0.6 µm/s, reducing the end-to-end distance to 8 µm. The beads were held at reduced distance for a period of 5.5 s, after which the trap lasers were moved apart, extending the DNA molecule again.10.7554/eLife.22582.004Figure 3.A single-molecule DNA-compaction assay shows two modes of SYCP3 binding to dsDNA.Two representative kymographs are shown. (**A**) The kymograph shows the diffusive behaviour observed when SYCP3 was bound to a λ DNA molecule kept in extended conformation by the laser-trapped beads. (**B**) The kymograph in the bottom panel shows clustering of SYCP3 in static aggregates upon relaxation of the λ DNA molecule. The smaller panel shows details of SYCP3's diffusive behavior, over a period of 17.5 s and within a DNA region of 3750 nanometers.**DOI:** [http://dx.doi.org/10.7554/eLife.22582.004](10.7554/eLife.22582.004)

The single-molecule analysis highlighted a striking correlation between DNA-binding behaviour of SYCP3 and the distance between the beads tethering the λ DNA ([Figure 3B](#fig3){ref-type="fig"}). In the initial phase of the compaction experiment, when λ DNA is in an extended conformation, the majority of SYCP3 molecules interacted with DNA in a diffusive manner, displaying a one-dimensional sliding motion along the DNA molecule. Mean-squared displacement analysis of diffusive trajectories revealed a 1D-diffusion constant of 0.16 ± 0.05 µm^2^/s (*N* = 8, see Materials and methods section '1D-Diffusion coefficient analysis'). Intriguingly, when the DNA was temporarily relaxed and then pulled taut again, a drastic alteration in SYCP3's binding behaviour was observed: the majority of diffusing SYCP3 molecules co-localised in clusters that remained static and stable over time.

These findings indicate that SYCP3 has two different modes of binding to DNA. We hypothesise that the diffusive binding mode reflects the interaction with the extended λ DNA of a single DNA-binding domain at one end of the rigid SYCP3 strut, allowing SYCP3 to slide along the DNA molecule (first-binding mode). Upon relaxation of the DNA substrate, DNA-bound SYCP3 would engage concurrently a distinct DNA site with its other DNA-binding domain, in a bridging interaction leading to formation of a DNA loop (second binding-mode). This transient juxtaposition of distinct DNA segments would facilitate bivalent DNA interactions of neighbouring SYCP3 molecules, stabilising the DNA loop and leading to the formation of a static cluster of DNA-bound SYCP3 molecules. Consistent with the presence of SYCP3-dependent loops in the DNA that might resist extension, higher forces were required to extend λ DNA after the compaction step relative to naked DNA ([Figure 4A](#fig4){ref-type="fig"}). In our experiments, SYCP3-dependent DNA bridges did not exhibit extensive and distinct bond-rupture events ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), as previously observed for DNA-bridging proteins H-NS and Alba1 ([@bib11]; [@bib22]). The lack of pronounced rupture events suggests a comparatively high stability of SYCP3-compacted DNA, although further quantitative analysis would require quadruple optical trapping experiments ([@bib17]).10.7554/eLife.22582.005Figure 4.Characterisation and analysis of DNA-bound SYCP3 in the DNA-compaction assay.(**A**) Force-distance curves measured for SYCP3-free λ DNA (blue curve), and during re-extension of SYCP3-compacted λ DNA (purple curve). (**B**) Bee-swarm box plot showing the estimated number of SYCP3 tetramers present in the static SYCP3 clusters that form on λ DNA during the compaction assay. The position of the box highlights the interquartile (50%) range. The median, minimum and maximum values are indicated with horizontal lines (line widths are arbitrary).**DOI:** [http://dx.doi.org/10.7554/eLife.22582.005](10.7554/eLife.22582.005)10.7554/eLife.22582.006Figure 4---figure supplement 1.High stability of SYCP3-compacted DNA.Force (top panels) and distance (bottom panels) traces acquired during re-extension of SYCP3-compacted DNA. No extensive rupture events or continuous molecular rearrangements are evident when applying tension of \~30 pN (**A**) and \~60 pN (**B**), implying a comparatively high stability of SYCP3-compacted DNA.**DOI:** [http://dx.doi.org/10.7554/eLife.22582.006](10.7554/eLife.22582.006)10.7554/eLife.22582.007Figure 4---figure supplement 2.Bleaching rate analysis.Kymographs were acquired at three different values of the excitation laser power. The average bleaching/unbinding rate (symbols) was obtained by fitting single exponentials to decaying fluorescence signals, obtained by integrating over the entire DNA molecule (cf. inset, data based on analysis of 12 kymographs). All other data in this work has been acquired at 6.4 µW laser power. Since the bleaching/unbinding rate at 2.9 µW laser power is reduced by a factor of 10 compared to that at 6.4 µW, we conclude that at 6.4 µW the experiment is limited by photobleaching. The dashed line indicates a quadratic laser power dependence, suggesting that photo bleaching is mediated by 2-photon processes induced by the 60 ps 20 MHz pulsed excitation source.**DOI:** [http://dx.doi.org/10.7554/eLife.22582.007](10.7554/eLife.22582.007)10.7554/eLife.22582.008Figure 4---figure supplement 3.Calculation of the SYCP3 footprint size on DNA based on force - distance curves.The experimental values for the length of free and SYCP-bound DNA, number of cluster per λ DNA molecule and total number of SYCP3 tetramers per λ DNA molecule are reported, together with the formula used in the calculation. A persistence length of 50 nm was used to approximate the size of the DNA loop connecting regions of DNA linked by bridging SYCP3 interactions in a SYCP3 cluster. The analysis was performed for 3 DNA molecules, and yielded a footprint size value of 2.7 nm ± 1.2 nm.**DOI:** [http://dx.doi.org/10.7554/eLife.22582.008](10.7554/eLife.22582.008)10.7554/eLife.22582.009Figure 4---figure supplement 4.DNA-bridging experiments under flow.(**a--f**) A single λ DNA molecule was tethered between two beads, then incubated in a SYCP3-containing or DNA-containing buffer while maintaining a transverse flow at 8 µm end-to-end separation. The flow drag prevents a random coil conformation of tethered DNA molecules and allows formation of large SYCP3-bridged regions between parallel flow-extended DNA molecules. Panels in the bottom row show possible interpretations for the arrangement of the DNA molecules bound by SYCP3. (**a**) After initial incubation, SYCP3 is observed to accumulate downstream along the DNA. No bridging is assumed to occur. (**b**) SYCP3 is subsequently concentrated in a bright spot, suggestive of local DNA-bridging. (**c**) After re-incubation in a DNA-containing buffer and subsequently in SYCP3-containing buffer, a bright spot (arrow), 8 µm downstream of the large SYCP3-DNA-cluster, indicates that SYCP3 is capable of bridging two or more separate DNA molecules. Additionally, the DNA to the left of the large SYCP3 cluster (box *i*) is uniformly coated with SYCP3, indicating a potentially extended bridged region between two DNA molecules. (**d--f**) Further SYCP3 incubation zips up the downstream tethered DNA over an increasingly long distance. (**g**) In a different experiment, multiple DNA molecules tethered and flow-stretched from a trapped bead appear uniformly bridged over their full parallel length. We estimated the number of SYCP3 molecules in boxes *i-iv* by calculating *N~SYCP3~*= (*I~box~-I~bg~*)/(4*I~ref~*), where *I~box~* is the total photon count per box, *I~bg~* is the total photon count in a box of the same size adjacent to the DNA-containing box, and *I~ref~* is the total photon count for a single fluorophore in a 2D image. *I~re~*~f~ = *A* 2π (*s*/*d*)^2^ = 16.8, with *A* = 1.5 as the amplitude of a Gaussian fit for a single A555 dye (see Materials and methods), *s* = 100 nm the average standard deviation of the Gaussian fit and *d* = 75 nm the pixel size. The average SYCP3 footprint per box, calculated as the ratio of the length of the box over *N~SYCP3~*, was 4.1 nm, 3.6 nm, 3.4 nm, and 3.6 nm, for boxes *i-iv* respectively. 13 such analyses were performed, yielding an average footprint of 3.6 nm ± 0.3 nm (sd, *N* = 13). For comparison, in supposedly non-bridged conformations such as in panel a, we found an apparent average footprint of 9nm ±3 nm (sd, *N* = 7).**DOI:** [http://dx.doi.org/10.7554/eLife.22582.009](10.7554/eLife.22582.009)

The more intense fluorescence signal of the static SYCP3 clusters, relative to the diffuse fluorescence of the mobile SYCP3 molecules before DNA compaction, suggests that they are comprised of numerous SYCP3 tetramers. To obtain a quantitative estimate of the number of SYCP3 tetramers in a cluster, we measured the fluorescence of distinct DNA-bound SYCP3 traces after compaction, by estimating the signal of a single Alexa555 fluorophore and assuming that each SYCP3 molecule bound to DNA as a tetrameric species (see Materials and methods, section 'SYCP3 cluster-size determination'). After correction for bleaching ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}), we determined that the SYCP3 cluster size was distributed around a mean value of 67 tetramers per cluster, with individual clusters showing a range of 20 to 160 tetramers ([Figure 4B](#fig4){ref-type="fig"}).

These figures highlight SYCP3's propensity to self-assemble in large DNA-bound aggregates. Combining the quantification of the number of SYCP3 tetramers in a cluster with a measure of the reduction in DNA length caused by SYCP3-dependent compaction yielded an estimate of 2.7 nm ± 1.7 nm (*N* = 3) for the DNA-binding footprint of SYCP3 (see Materials and methods, section 'SYCP3 footprint calculation') ([Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}). In a different set of experiments, where flow drag was used to establish micrometer-long sections of DNA molecules bridged by SYCP3 ([Figure 4---figure supplement 4](#fig4s4){ref-type="fig"}), we obtained an apparent footprint value of 3.6 ± 0.3 nm (*N* = 13). This footprint value, close to the size of one helical turn of DNA, is in broad agreement with the expected size of the SYCP3-binding site.

Discussion {#s3}
==========

Here we have provided direct visual evidence in support of our proposed mechanism of DNA organisation by human SYCP3 ([@bib33]). We have shown biochemically that SYCP3 is a multivalent DNA-binding protein and have developed a single-molecule assay to provide experimental evidence consistent with a mechanism of DNA compaction based on non-sequence specific bridging interaction by individual SYCP3 tetramers.

The observed tendency of SYCP3 to accumulate in discrete clusters on dsDNA might form the basis of its ability to compact chromosomal DNA in meiosis. How would transient bridging events account for the formation of stable SYCP3 clusters on dsDNA? Cooperative protein-protein interactions between DNA-bound SYCP3 tetramers might play a role, even in the recombinant SYCP3 protein used for the experiment, which lacked 6 C-terminal residues that are important for self-assembly in the absence of DNA.

Of note, formation of a transient DNA loop by a single bridging event would by itself facilitate further bridging interactions of neighbouring SYCP3 tetramers, even in the absence of cooperative protein-protein interactions ([Figure 5](#fig5){ref-type="fig"}). Such a mechanism of DNA compaction, driven by the reduced entropic penalty of successive DNA-bridging events, has been predicted by molecular dynamics studies ([@bib6]; [@bib10]). Apparently cooperative DNA-binding behavior of DNA-bridging proteins has been attributed to the induced proximity of distinct protein-bound DNA sites in previous studies ([@bib11]). The observed footprint size of SYCP3, corresponding approximately to one helical turn of DNA, is similar to that of the DNA-bridging protein H-NS that was found to bridge two parallel DNA molecules in register with the helical repeat ([@bib11]). A preferential DNA-binding orientation correlated to the DNA helix is further supported by the observed value of the 1D-diffusion constant of SYCP3, which is in good agreement with rotation-coupled 1D-sliding along the DNA helix ([@bib3]).10.7554/eLife.22582.010Figure 5.Model for the mechanism of λ-DNA compaction by SYCP3, based on its observed behaviour in the single-particle experiments.According to the model, SYCP3 has a diffusive DNA-binding mode, likely mediated by DNA interaction at one end of its strut-like structure, and a DNA-bridging mode, where SYCP3 engages two distinct sites on the DNA with its two DNA-binding domains. DNA bridging by a single SYCP3 molecules can nucleate a DNA loop, which facilitates successive DNA-bridging interactions by other SYCP3 molecules, leading to formation of a stable DNA-bound SYCP3 cluster.**DOI:** [http://dx.doi.org/10.7554/eLife.22582.010](10.7554/eLife.22582.010)

In cells, SYCP3-dependent compaction of the meiotic chromosome takes place in the context of chromatin and in the presence of other essential components of chromosome architecture, such as other SC proteins, meiotic condensins and cohesins, which likely concur to define the extent of SYCP3-dependent DNA compaction during meiosis. Although here we limited ourselves to the study of the binary SYCP3-DNA interaction, our single-molecule setup is well-suited for analysing systems of increasing complexity, including for instance the addition of lateral element protein SYCP2 and core histones. The recent finding that the structure of mitotic chromosomes depends only on a limited number of protein components bodes well for future *in vitro* investigations of meiotic chromosome architecture ([@bib32]).

Materials and methods {#s4}
=====================

Mutagenesis, cloning, expression and purification {#s4-1}
-------------------------------------------------

The human SYCP3~1-230~ protein was prepared as described ([@bib33]). The construct SYCP3~91-230~ was PCR amplified from the full-length SYCP3 construct ([@bib33]) and cloned into the bacterial expression plasmid pHAT4 ([@bib27]) using unique NcoI and XhoI sites, for protein expression fused to a N-terminal TEV-cleavable 6xHis-tag. The SYCP3 mutants L138C SYCP3~1-230~ and L138C SYCP3~91-230~ were generated using overlap extension PCR of the full-length SYCP3 construct and cloned as above. All proteins were purified using an initial Ni-NTA capture step, followed by heparin affinity and ion-exchange chromatography, as previously described ([@bib33]).

Electrophoretic mobility shift assay {#s4-2}
------------------------------------

Double-stranded DNA substrates were generated by annealing together complementary oligonucleotides 60_for, 60_rev and 32_for, 32_rev:

60_for 5'-ATGGTGTGTGTAGGTTAATGTGAGGAGGAGAGGTGAAGAAGGA

GGAGAGAAGAAGGAGGC-3'

60_rev 5'-GCCTCCTTCTTCTCTCCTCCTTCTTCACCTCTCCTCCTCACAT

TAACCTACACACACCAT-3'

32_for 5'-ATGGTCTGTCTAGGTTACTGTGAGGAGGACGA-3'

32_rev 5'-TCGTCCTCCTCACAGTAACCTAGACAGACCAT-3'

SYCP3~1-230~ was added to a final concentration of 6 µM (per tetramer) to DNA binding buffer (20 mM Tris-HCl pH 8.0, 150 mM KCl) containing 320 µM (per base pair) of linear dsDNA 32mer or 60mer, in a total volume of 10 µl. In the mixed DNA sample, 160 µM of both the 32mer and 60mer were used, so that the total DNA concentration per base pair was 320 µM. DNA samples without added protein were also analysed. 2 µl of 50% glycerol was added to the samples as a loading agent. The electrophoretic mobility of the SYCP3 - DNA complexes were analysed by gel electrophoresis on a 1% (w/v) agarose gel in 0.5xTris-Borate running buffer (Invitrogen) at 4°C at 50 V for 4.5 hr, and visualised by ethidium bromide staining.

Pull-down assay {#s4-3}
---------------

The DNA substrates were generated by PCR amplification, to create 5'-FAM 187 bp and 5'-biotin 91 bp DNA molecules. The PCR products were purified using the Thermo Scientific GeneJET PCR purification kit, according to manufacturer's guidelines. 10 µl of streptavidin-linked paramagnetic beads (Dynabeads MyOne Streptavidin T1, ThermoFisher Scientific) were resuspended in 400 µl high-salt buffer (20 mM Tris-HCl pH 8.0, 2 M KCl) and washed three times. The biotin-labelled DNA was immobilised by washing the beads in 40 µl of immobilisation buffer (20 mM Tris pH 8.0, 0.6 mg/ml BSA, 1 M KCl) and adding the biotinylated DNA to a final concentration of 0.1 µM (per molecule). After 30 min incubation with mixing, the supernatant was removed and the beads were washed with 200 µl immobilisation buffer and then with 200 µl of DNA-binding buffer (20 mM Tris-HCl pH 8.0, 150 mM KCl, 0.6 mg/ml BSA). 40 µl of the binding reaction, containing 0.1 µM FAM-labelled DNA and 0.5 µM SYCP3~1-230~ per tetramer in DNA-binding buffer, were added to the beads and the samples incubated with mixing for 15 min, protected from light. The samples were washed twice in 40 µl of DNA binding buffer, and the FAM-labelled DNA was then eluted by adding 40 µl of high-salt buffer and incubating the samples for 30 min, with mixing and protected from light. The eluted DNA was then buffer-exchanged into 10 mM Tris-HCl pH 8.0 using the Thermo Scientific GeneJET PCR purification kit, 2 µl of 50% glycerol was added to 10 µl of sample and the samples were run on a 1% (w/v) agarose gel in 0.5xTris-Borate running buffer (Invitrogen). The result of the pull-down experiment was visualised under UV light.

Alexa555-labelling of L138C SYCP3~1-230~ and L138C SYCP3~91-230~ {#s4-4}
----------------------------------------------------------------

The labelling buffer (50 mM Hepes-KOH pH 7.0, 250 mM KCl, 0.5 mM EDTA) was filtered and deoxygenated by bubbling with nitrogen gas for 30 min. The L138C SYCP3~1-230~ protein was buffer-exchanged into the deoxygenated labelling buffer using a NAP-5 column (GE Healthcare). The maleimide derivative of Alexa555 (Thermo Fisher Scientific) in anhydrous DMSO was added drop-wise at a ratio of 5:1 dye molecules to one SYCP3 protomer. The reaction was protected from light and incubated for 2 hr at 4°C with mixing. 10 mM DTT was added to stop the reaction. The labelled protein was then buffer exchanged into 20 mM Tris pH 8.0, 200 mM KCl buffer on a NAP-5 column.

Single-molecule setup and DNA-compaction assay {#s4-5}
----------------------------------------------

A single molecule of linear, double-stranded λ DNA that had been labelled with biotin at both ends was tethered between streptavidin-coated polystyrene beads using optical trapping in a four-channel laminar flow cell, as described previously ([@bib19]). 20 mM Tris-HCl pH 8.0, 150 mM KCl was used as the buffer in the flow cell; the protein channel was supplemented with 0.001 mg/ml BSA. Alexa555 L138C SYCP3~1-230~ was used at a concentration of 14.2 nM and Alexa555 L138C SYCP3~91-230~ was used at concentrations of 14.2 nM and 142 nM. Confocal fluorescence microscopy and kymograph recording were performed as previously described ([@bib19]) ([@bib9]). Force-distance data were recorded using custom software written in LabView (National Instruments).

After capture of a single molecule of λ DNA between the optically trapped beads, the flow-cell stage was moved so that the beads were in the waypoint between the buffer and protein channels. The protein channel was opened for 30 s to allow binding of SYCP3 molecules to the DNA, and the flow cell was returned to the buffer channel for visualisation of DNA-bound SYCP3 molecules. Once in the buffer channel, the DNA molecule was held in extended conformation at a force of 5 pN, corresponding to an end-to-end separation near to 16 µm. One of the lasers was then steered towards its neighbour at a speed of 0.6 µm/s so that the beads moved closer to a distance of 8 µm, causing conformational relaxation in the λ DNA. The beads were kept at this separation for approximately 5.5 s and were then moved apart again at 0.6 µm/s to a separation of 16 µm. No flow was applied during force-distance and fluorescence analysis.

SYCP3 cluster-size determination {#s4-6}
--------------------------------

Custom software written in MATLAB (MathWorks) was used to analyse the recorded kymographs (available at <http://www.nat.vu.nl/~iheller/download.html>). The number of photons emitted per Alexa555 fluorophore was determined by fitting a Gaussian distribution to the summed rows of intensities in the bleaching step of a stable SYCP3 cluster. 34 bleaching steps in 10 DNA molecules were analysed in total. The average decrease in amplitude of the Gaussian fit associated with bleaching of a single Alexa555 was 1.5 photons (per confocal scan-line). This implies that the average amplitude of a Gaussian fit for a SYCP3 tetramer is 6.0 photons.

To quantify the number of fluorescent SYCP3 molecules present as stable clusters after DNA compaction, it was necessary to account for bleaching of the fluorophores. The total intensity in photons per pixel over the length of λ DNA (I~total~) was measured at the start of the kymograph (time t = 0) and at a time point when stable clusters had formed (time t), and the ratio I~total,t=0~/I~total,t~ was used as the bleaching correction factor. The correction makes the assumption that the observed reduction in fluorescence was caused by bleaching, with no dissociation of SYCP3 from the DNA in the experiment. Indeed, under experimental conditions of 6.4 µW excitation intensity, the experiment is dominated by bleaching, with a typical rate of 5·10^−5^s^−1^ ± 1·10^−5^ s^−1^ (sd) ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). The number of SYCP3 tetramers in a stable cluster was determined by fitting a Gaussian distribution to measure its fluorescence intensity, dividing the amplitude of the Gaussian fit by 6.0 to account for the presence of 4 Alexa555 fluorophores in a tetramer and multiplying by the bleaching correction factor. 15 clusters belonging to four different DNA molecules were analysed in total.

SYCP3 footprint calculation {#s4-7}
---------------------------

To estimate the SYCP3 footprint on DNA, several force-distance curves such as the one shown in [Figure 4A](#fig4){ref-type="fig"} were analysed. For each DNA molecule, the distance between the beads in the presence or absence of SYCP3 was measured at a force of 25 pN, which is sufficiently high to remove weaker, non-specific interactions of SYCP3 with the DNA and the beads. Thus, the difference in distance values was assumed to be caused solely by the compaction in the DNA resulting from SYCP3's DNA-bridging interactions.

The DNA footprint of each SYCP3 DNA-binding domain was calculated by subtracting from the length difference between free and SYCP3-bound DNA the DNA persistence length (50 nm) multiplied by the number of clusters present in the DNA (to account for the length of DNA at the end of each SYCP3-dependent DNA loop), and dividing the result by the total number of tetramers on the DNA molecule and by 2 (to account for two DNA-binding ends in each SYCP3 tetramer). The calculation was performed on 3 DNA molecules, and gave an average footprint length of 2.7 ± 1.7 nm (sd), corresponding approximately to one turn of B-form dsDNA. The experimental values for DNA length change, number of SYCP3 clusters per λ DNA molecule and total number of SYCP3 tetramers per λ DNA molecule are reported in [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}.

1D-Diffusion coefficient analysis {#s4-8}
---------------------------------

To extract the 1D-diffusion coefficient from our kymograph data, we tracked the diffusive trajectories using tracking software custom-written in Matlab (Mathworks) (available at <http://www.nature.com/nmeth/journal/v5/n8/extref/nmeth.1237-S5.zip>). We performed a mean-squared displacement analysis as described in [@bib18] to obtain the 1D-diffusion constant *D* for each tracked trajectory. We tracked eight trajectories to find a mean *D* of 0.16 ± 0.05 µm^2^/s (sd). The average amplitude of a Gaussian fit to each scan line of the trajectories was 5 ± 2 photons (sd, *N* = 8). Using the calibrated intensity of 1.5 photons for a single dye (see Materials and methods section 'SYCP3 cluster-size determination'), this corresponds to 3.3 ± 1.6 dyes per diffusing trajectory (sd, *N* = 8), consistent with the stoichiometry of a single tetramer, with a potential slight underestimation related to photobleaching.

Rotation-coupled diffusion calculation {#s4-9}
--------------------------------------

We used equation (1) from [@bib3] to estimate the 1D-diffusion coefficient *D* assuming rotation-coupled sliding along the DNA helix. A value of *D* = 0.16 µm^2^/s can be calculated using, for example, a displacement per helical turn *b* = 3.4 nm, an average free energy barrier for sliding of *ε* = 1.33 *k*~B~*T*, and a protein radius of *R* = 10 nm, which results in a helical path with radius *R~OC~*= *R* + *R~DNA~* = 11 nm. Even though this highly simplified model is based on a spherical protein, unlike the elongated shape of SYCP3, the 1D-diffusion coefficient for pure translational motion along the DNA is \~20 fold larger than that for rotation-coupled sliding.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Single-molecule observation of DNA compaction by meiotic protein SYCP3\" for consideration by *eLife*. Your article has been favorably evaluated by John Kuriyan (Senior Editor) and three reviewers, one of whom is a member of our Board of Reviewing Editors. The following individuals involved in review of your submission have agreed to reveal their identity: Mark Williams and Micah McCauley (together contributed a single review report).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission

Summary:

This manuscript builds upon a previous *eLife* paper from the same group that provided a structural description of the synaptonemal complex protein SYCP3. In the current manuscript, the authors combine single-molecule optical tweezers, fluorescence spectroscopy and microfluidics to study DNA binding by SYCP3. The ends of this tetrameric protein are shown to bind to and diffuse along DNA. This manuscript shows that multimers of this protein stabilize DNA loops, and suggests that this is done by bridging the sides of DNA loops and stabilizing them. The key quantitative findings of this paper reveal that the binding site size of a single tetramer is 3 nm, and that between 20 and 90 tetramers are found to stabilize each loop.

Essential revisions:

This work is certainly of general interest, both the controls and experiments are well done, and the paper is clearly written. It should be noted that one reviewer raised serious concerns about the physiological relevance of the observations. However, we feel that the demonstration of DNA looping that was hypothesized in the 2014 paper is a sufficient novel advance to be considered for publication as a Research Advance. Before a decision can be made, a number of key shortcomings should be addressed in a revised manuscript (listed below), however. In particular, it will be necessary to provide additional experimental evidence that verifies the loop formation and growth model presented in the manuscript.

As noted by the authors, previous work (Yuan et al. 2002) showed that SYCP3-/- mice have chromosome axes that are roughly 2-fold longer than normal. This is inconsistent with the idea that SYCP3 is a major loop-forming protein -- if it were, there would be essentially no axis-loop structure in a SYCP3 mutant, and the chromosomes would be much, much longer. Additionally, a large and growing body of data from cytological, biochemical, and chromosome conformation capture approaches indicates that cohesins bind the base of loops in interphase, mitotic, and meiotic chromosomes. Emerging models also suggest that cohesins actively form the loops, perhaps through an ATP-dependent extrusion activity. SYCP3 is not an ATPase, and simple multivalent DNA binding activity is not sufficient to explain the linear, regular array of loops observed in meiotic chromosomes. In some metazoans, it seems likely that SYCP3 interacts with cohesin-bound DNAs to create regular spacing between the bases of adjacent loops. Alternatively, SYCP3 may impact axis assembly by modulating interactions between cohesins and DNA. The authors should provide more discussion to argue that the evidence in this work implicates SYCP3 as the critical loop-forming protein of the axis, or indeed as a loop-forming protein. The same evidence (that SYCP3 has the ability to simultaneously bind 2 DNA molecules) could be used to argue that the protein mediates synapsis between homologous chromosomes, but it clearly is not in the right place to do this.

This optical trap approach offers great potential to reveal novel and quantitative insights into the organization/condensation of meiotic chromosomes. Optical tweezers might allow the authors to measure relevant biophysical parameters of DNA compaction by SYCP3 such as binding dynamics, typical cluster size or the critical force, as demonstrated by numerous previous studies (e.g. RT Dame, MC Noom, GJL Wuite. Nature, 2006 and many other studies cited in Heller et al. 2014). However, the authors fail to take advantage of their experimental design. In particular, [Figure 4](#fig4){ref-type="fig"} shows one (!) force-extension curve for free and SYCP3-bound DNA, with a comment in the text that \"several\" such measurements were made. It is not clear from the manuscript how these (this?) force extension curves were acquired. If SYCP3 behaves as suggested by the authors, it should be possible to show stepwise extension of SYCP3-bound DNA using a constant-force regime in the optical trap. The authors should show such stepwise extension data or explain why their experiments did not visualize such behavior.

Other important points to address:

The Methods section refers to Heller et al. 2014, which is a review article that does not include experimental details. Important parameters that should be described in detail include:

1\) What is the extension rate in their experiments (this is important, since different extension rates will result in different rupture forces)?

2\) How are DNA molecules attached to the beads?

3\) Do extension curves in [Figure 4A](#fig4){ref-type="fig"} show the same DNA molecule? Since they seem to be relying on absolute lengths for their analysis, are lengths of different DNA molecules identical?

Based on the claim that most SYCP3 molecules are conjugated to a single dye molecule, it should be possible to demonstrate the number of molecules in each \"monovalent\" binding complex by photobleaching (the fluorescence should bleach in 4 equal, discrete steps). The authors should explain whether the fluorescence data can be used to arrive at conclusions related to stoichiometry.

The footprint calculation and comparison to theory should be more transparent since this was only done for three DNA molecules. What was the length change for each molecule and how many loops did each have? What was the error in the tetramers/cluster of [Figure 4](#fig4){ref-type="fig"}? The uncertainty shown is written as \"sdom\", which we assume means standard deviation of the mean. This is easily confused with standard deviation, so it is preferable to use \"sem\" for standard error of the mean. If this is what was used, was N taken to be the number of DNA molecules used or the number of clusters?

The authors should better justify their statement that, \"SYCP3 is regarded as the main architectural component of the lateral element?\" I think many investigators would dispute this idea, and would argue instead that cohesins are the most broadly conserved and thus most essential components.

The authors\' model posits that multiple protein complexes merge to form a cluster instead of forming their own mini-bridges. For merging to occur, multiple protein complexes must diffuse to merge. The kymograph in [Figure 3](#fig3){ref-type="fig"} during force reduction suggests that indeed diffusion and merging is happening but no quantification is given.

The beads were held at a short (loop forming) extension of 8 micrometers for 5.5 seconds. If this time were varied, the authors could conclusively determine whether SYCP3 traps a DNA loop of fixed size, which then does not change in time, or if the loop grows continuously with further protein migration along the DNA (as [Figure 5](#fig5){ref-type="fig"} would seem to indicate).

No dissociation of SYCP3 is assumed during the cluster-size determination with photobleaching correction, though this dissociation rate is unknown. Was any effort made to justify this assumption, and to be certain that bleaching was the only reason for the decrease in intensity? One way to resolve this would be to turn the excitation laser off for the duration of an experiment after compaction, and then turn it on again.

In their previous paper, the authors showed that the protein aggregates into large assemblies in the absence of DNA. It is not clear to me how they use the observation of clusters on DNA and interpret these as associated with looping. How do they exclude cluster formation on DNA that is independent on looping? And if aggregation in the absence of DNA occurs, why do they not observe it in the experiment shown in the top panel of [Figure 3](#fig3){ref-type="fig"}?

[Figure 4](#fig4){ref-type="fig"} does not seem to support the conclusion in that it does not compare the DNA/protein state before and after a low-tension incubation.

10.7554/eLife.22582.013

Author response

*Essential revisions:*

*This work is certainly of general interest, both the controls and experiments are well done, and the paper is clearly written. It should be noted that one reviewer raised serious concerns about the physiological relevance of the observations. However, we feel that the demonstration of DNA looping that was hypothesized in the 2014 paper is a sufficient novel advance to be considered for publication as a Research Advance. Before a decision can be made, a number of key shortcomings should be addressed in a revised manuscript (listed below), however. In particular, it will be necessary to provide additional experimental evidence that verifies the loop formation and growth model presented in the manuscript.*

*As noted by the authors, previous work (Yuan et al. 2002) showed that SYCP3-/- mice have chromosome axes that are roughly 2-fold longer than normal. This is inconsistent with the idea that SYCP3 is a major loop-forming protein -- if it were, there would be essentially no axis-loop structure in a SYCP3 mutant, and the chromosomes would be much, much longer. Additionally, a large and growing body of data from cytological, biochemical, and chromosome conformation capture approaches indicates that cohesins bind the base of loops in interphase, mitotic, and meiotic chromosomes. Emerging models also suggest that cohesins actively form the loops, perhaps through an ATP-dependent extrusion activity. SYCP3 is not an ATPase, and simple multivalent DNA binding activity is not sufficient to explain the linear, regular array of loops observed in meiotic chromosomes. In some metazoans, it seems likely that SYCP3 interacts with cohesin-bound DNAs to create regular spacing between the bases of adjacent loops. Alternatively, SYCP3 may impact axis assembly by modulating interactions between cohesins and DNA. The authors should provide more discussion to argue that the evidence in this work implicates SYCP3 as the critical loop-forming protein of the axis, or indeed as a loop-forming protein. The same evidence (that SYCP3 has the ability to simultaneously bind 2 DNA molecules) could be used to argue that the protein mediates synapsis between homologous chromosomes, but it clearly is not in the right place to do this.*

We agree that SYCP3's principal role is probably to provide local compaction of existing loop structures in the meiotic chromosome, rather than being the main driver of large-scale chromosome organization. Indeed, formation of an initial loose looping structure by cohesins and condensins may favour binding and assembly of SYCP3, and thus looping in vitromight be more challenging to achieve. Our findings and our model are fully compatible with this interpretation of SYCP3 function. We have re-written the relevant section of the Introduction (fourth paragraph) to clarify this point.

*This optical trap approach offers great potential to reveal novel and quantitative insights into the organization/condensation of meiotic chromosomes. Optical tweezers might allow the authors to measure relevant biophysical parameters of DNA compaction by SYCP3 such as binding dynamics, typical cluster size or the critical force, as demonstrated by numerous previous studies (e.g. RT Dame, MC Noom, GJL Wuite. Nature, 2006 and many other studies cited in Heller et al. 2014). However, the authors fail to take advantage of their experimental design. In particular, [Figure 4](#fig4){ref-type="fig"} shows one (!) force-extension curve for free and SYCP3-bound DNA, with a comment in the text that \"several\" such measurements were made. It is not clear from the manuscript how these (this?) force extension curves were acquired. If SYCP3 behaves as suggested by the authors, it should be possible to show stepwise extension of SYCP3-bound DNA using a constant-force regime in the optical trap. The authors should show such stepwise extension data or explain why their experiments did not visualize such behavior.*

We agree with the reviewers that optical tweezers can quantify many biophysical parameters. However, the full range of quantifiable parameters is not experimentally accessible in our current setup, nor is their knowledge essential to support our main conclusion. Here we would like to reiterate that the aim of our study is to provide direct evidence of DNA compaction by SYCP3, rather than investigating in detail the architecture and stability of the resulting protein-DNA structures. Our force- fluorescence data show clearly that upon providing slack to the DNA in presence of SYCP3, the DNA is compacted mechanically in direct correlation to the formation of stable SYCP3 clusters on the DNA.

The reviewers make reference to our previously published experiments (Dame et al., Nature2006), where breakdown of protein-mediated DNA bridges is probed using a specialized instrument that is capable of quadruple optical trapping. Quadruple optical tweezers allow independent manipulation of two DNA molecules, which provides control over the molecular architecture of the DNA bridges. This control is essential to interpret and quantify bridge rupture correctly: in our current dual optical trapping assay (not a quadruple optical trap), there is insufficient control over the molecular architecture, such that forces can be applied over a single terminal bridge in an 'unzipping' geometry, or over multiple bridges in a 'shearing' geometry, or in a combination of these geometries. This lack of control makes detailed mechanistic interpretation of bridge rupture/rearrangement data unfeasible.

We nevertheless inspected our data for signatures of such bond rupture/bridge rearrangements, and found that the compacted DNA structure appears relatively stable, even at forces approaching the DNA overstretching force of \~65 pN. These observations suggest that SYCP3-DNA bridges appear more stable than previously measured H-NS and Alba1 F60A bridges (Dame et al. Nature 2006 & Laurens et al. Nat Comm2012). We have now added the evidence of long-term stability of the SYCP3-DNA interaction at \~30 pN and \~60 pN to the revised manuscript as a figure supplement ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), and have included a comment in the main text (--Results, seventh paragraph).

*Other important points to address:*

*The Methods section refers to Heller et al. 2014, which is a review article that does not include experimental details. Important parameters that should be described in detail include:*

*1) What is the extension rate in their experiments (this is important, since different extension rates will result in different rupture forces)?*

*2) How are DNA molecules attached to the beads?*

*3) Do extension curves in [Figure 4A](#fig4){ref-type="fig"} show the same DNA molecule? Since they seem to be relying on absolute lengths for their analysis, are lengths of different DNA molecules identical?*

We thank the reviewer for pointing out the missing information and the erroneous reference. We have revised the relevant section of the Methods and have updated the reference that describes the details of the experimental procedure, as Heller et al. Nat Meth2013. In answer to the specific questions:

1\) The extension rate in the DNA-compaction assay was 0.6 µm/s. This is now mentioned in the text (Results, fifth paragraph).

2\) The linear, double-stranded λ DNA molecule is attached to two streptavidin-coated beads by means of biotin labels incorporated at each end of the DNA molecule.

3\) The extension curves in [Figure 4A](#fig4){ref-type="fig"} refer to the same DNA molecule. All DNA molecules used in the experiments are bacteriophage λ dsDNA, of identical length.

*Based on the claim that most SYCP3 molecules are conjugated to a single dye molecule, it should be possible to demonstrate the number of molecules in each \"monovalent\" binding complex by photobleaching (the fluorescence should bleach in 4 equal, discrete steps). The authors should explain whether the fluorescence data can be used to arrive at conclusions related to stoichiometry.*

We have indeed observed stepwise bleaching in our fluorescence traces (see Materials and methods, section 'SYCP3 cluster-size determination', and bleaching-rate analysis in [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). The analysis of bleaching steps was performed on static clusters of multiple SYCP3 tetramers, not on individual tetramers, as our experimental conditions did not allow us to resolve individual DNA-bound tetramers during or right after incubation, due to the high protein density on the DNA. Only after compaction and/or photobleaching we could resolve 1D-diffusive traces that we attribute to individual tetramers. We have added such as trace as an example in [Figure 3B](#fig3){ref-type="fig"}. The fluorescence intensity of these diffusive traces was 5 +/- 2 photons (N=8), which is consistent with 6.0 photons/tetramer as estimated based on 1.5 photons/dye (see Materials and methods section 'SYCP3 cluster-size determination') and a stoichiometry of 4 dyes/tetramer. Photobleaching explains a slightly lower apparent stoichiometry.

*The footprint calculation and comparison to theory should be more transparent since this was only done for three DNA molecules. What was the length change for each molecule and how many loops did each have? What was the error in the tetramers/cluster of [Figure 4](#fig4){ref-type="fig"}? The uncertainty shown is written as \"sdom\", which we assume means standard deviation of the mean. This is easily confused with standard deviation, so it is preferable to use \"sem\" for standard error of the mean. If this is what was used, was N taken to be the number of DNA molecules used or the number of clusters?*

We have added the requested information relative to length change and loop numbers per DNA molecule in [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}), and have revised the description of the calculation in the relevant section of the Methods, to make it easier to follow. The error in footprint length is reported as standard error of the mean, as correctly interpreted by the reviewer; we have now changed 'sdom' to 'sem', as requested. N was taken as the number of DNA molecules analysed in the experiment.

*The authors should better justify their statement that, \"SYCP3 is regarded as the main architectural component of the lateral element?\" I think many investigators would dispute this idea, and would argue instead that cohesins are the most broadly conserved and thus most essential components.*

We have now modified the relevant section of the Introduction (--fourth paragraph), to provide a more accurate description of SYCP3's likely role in the organization of the meiotic chromosome structure.

*The authors\' model posits that multiple protein complexes merge to form a cluster instead of forming their own mini-bridges. For merging to occur, multiple protein complexes must diffuse to merge. The kymograph in [Figure 3](#fig3){ref-type="fig"} during force reduction suggests that indeed diffusion and merging is happening but no quantification is given.*

We agree with the reviewer that, after putting enough slack onto the DNA molecule, protein complexes can diffuse and merge into a cluster. Since stochastic nucleation and subsequent growth of a cluster causes an increasing fraction of the DNA to be sequestered into protein-stabilized loops, the process terminates when either all of the initial slack in the DNA is removed, or when all DNA-bound SYCP3 ends up in static clusters. The time scale of this termination process is similar to that of the DNA retraction time, in the seconds range.

We have now quantified the 1D-diffusion constant of the mobile SYCP3 molecules (see Materials and methods "1D-Diffusion coefficient analysis" section for details). The 1D-diffusion constant was estimated to be 0.16 µm^2^/s, which is consistent with rotation-coupled diffusion along the helical pitch of the DNA. We now mention the 1D-diffusion constant in the text (Results, sixth paragraph) and comment on it in the Discussion.

*The beads were held at a short (loop forming) extension of 8 micrometers for 5.5 seconds. If this time were varied, the authors could conclusively determine whether SYCP3 traps a DNA loop of fixed size, which then does not change in time, or if the loop grows continuously with further protein migration along the DNA (as [Figure 5](#fig5){ref-type="fig"} would seem to indicate).*

[Figure 3](#fig3){ref-type="fig"} shows that, upon DNA relaxation, SYCP3 concentrates in static clusters and is depleted from flanking DNA regions. This indicates that the protein supply feeding cluster growth has been exhausted and so longer relaxation times would not change cluster size. Under these conditions, we measure SYCP3 clusters of different size. Accordingly, the model presented in [Figure 5](#fig5){ref-type="fig"} shows SYCP3-bound DNA loops of different size, to highlight the stochastic nature of the process of loop nucleation and growth.

Rather than increasing the relaxation time, it might be possible to determine whether an upper limit for the size of SYCP3 clusters exists by repeating the experiment with higher concentrations of SYCP3. However, we believe that this experiment would have only limited physiological relevance, as in the cell nucleus the extent of SYCP3-dependent DNA compaction will be influenced by important protein determinants of chromosome structure such as meiotic cohesin (see for instance, Novak et al., 2008).

*No dissociation of SYCP3 is assumed during the cluster-size determination with photobleaching correction, though this dissociation rate is unknown. Was any effort made to justify this assumption, and to be certain that bleaching was the only reason for the decrease in intensity? One way to resolve this would be to turn the excitation laser off for the duration of an experiment after compaction, and then turn it on again.*

We agree with the referee and have added an analysis of the bleaching rate to the supplementary information ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}), in which we varied the excitation laser intensity while monitoring the bleaching rate. Indeed, this analysis confirms that the intensity changes under the experimental conditions is dominated by bleaching.

*In their previous paper, the authors showed that the protein aggregates into large assemblies in the absence of DNA. It is not clear to me how they use the observation of clusters on DNA and interpret these as associated with looping. How do they exclude cluster formation on DNA that is independent on looping? And if aggregation in the absence of DNA occurs, why do they not observe it in the experiment shown in the top panel of [Figure 3](#fig3){ref-type="fig"}?*

For our experiments, we used a version of SYCP3 that lacks the last six amino acids (described in the first paragraph of the Results section). This SYCP3 construct retains DNA binding but has lost the ability of DNA-independent aggregation (Syrjanen et al., 2014; Bauer et al., 2007). We are therefore confident that the cluster formation that we observe in our experiments is dependent on DNA binding.

*[Figure 4](#fig4){ref-type="fig"} does not seem to support the conclusion in that it does not compare the DNA/protein state before and after a low-tension incubation.*

We thank the referee for pointing out that our explanation of [Figure 4](#fig4){ref-type="fig"} was not sufficiently clear. The FD curves of [Figure 4](#fig4){ref-type="fig"} were, in fact, acquired before and after a low-tension incubation: the blue curve was acquired on 'bare' DNA, in absence of SYCP3, and it represents the 'before' situation; the purple curve, on the other hand, was acquired after incubation with SYCP3, and corresponds to the re- extension curve after the low-tension incubation. We have now clarified this in the figure caption and removed the cartoons in the inset of [Figure 4A](#fig4){ref-type="fig"} to avoid confusion.

[^1]: These authors contributed equally to this work.
